We show that fabrication imperfections in silicon nitride photonic crystal waveguides can be used as a resource to efficiently confine light in the Anderson-localised regime and add functionalities to photonic devices. Our results prove that disorder-induced localisation of light can be utilised to realise an alternative class of high-quality optical sensors operating at room temperature. We measure wavelength shifts of optical resonances as large as 15.2 nm, more than 100 times the spectral linewidth of 0.15 nm, for a refractive index change of about 0.38. By studying the temperature dependence of the optical properties of the system, we report wavelength shifts of up to about 2 nm and increases of more than a factor 2 in the quality factor of the cavity resonances, when going from room to cryogenic temperatures. Such a device can allow simultaneous sensing of both local contaminants and temperature variations, monitored by tens of optical resonances spontaneously appearing along a single photonic crystal waveguide. Our findings demonstrate the potential of Anderson-localised light in photonic crystals for scalable and efficient optical sensors operating in the visible and near-infrared range of wavelengths.
To overcome this issue, we propose to follow a different approach, based on multiple scattering of light on imperfections as a means to achieve high-quality light confinement in the Anderson-localised regime 10 . Here, we show that we can make use of fabrication imperfections as a means to add functionalities to the fabricated devices. We report on photonic crystal optical sensors based on disorder-induced light confinement in photonic crystal waveguides in silicon nitride. We prove their suitability for the detection of liquid contaminants at room temperature and model their response to refractive index changes.
Furthermore, we show that temperature can be used to tune and modify the quality factor of the cavity resonances, thus allowing local temperature sensing. Compared to engineered photonic crystal cavities, making use of disorder as a resource allows the spontaneous formation of tens of high-quality optical cavities in a fabricated device that does not require time-consuming optimizations or exact repeatability of the fabrication process -an important result in view of scalability of these photonic devices. KOH wet etch is used to undercut the silicon nitride, creating a free-standing photonic crystal membrane (see Fig. 1b ). By using finite-difference time-domain simulations, we optimise the photonic crystal parameters to confine light in the visible range of wavelengths (nominal values for the lattice constant and hole radius are 310 nm and 110 nm, respectively). In such a device, the photonic crystal structure is based on the periodic change of the refractive index n between silicon nitride (n ∼2) and air (n=1). We fabricate photonic crystal waveguides 100 µm long that show Anderson localisation of light due to multiple scattering on imperfections 10 . These include for instance: deviations from the circularity and periodic position of the etched air holes, and imperfect verticality of the sidewalls 11, 12 . Such defects are inevitably introduced in the fabrication of the devices (intrinsic disorder) or can be engineered for instance by randomising the position of the air holes in the rows close to the waveguide channel (see Fig. 1b ). Multiple scattering of light on imperfections is responsible for trapping light in space within optical cavities that appear randomly distributed along the photonic crystal waveguide. The properties of disorder-induced light confinement in these devices, as a function of degree of disorder (from intrinsic to engineered), is discussed in detail in Ref. 10 . However, we would like to stress that unavoidable fabrication imperfections are enough to achieve high-quality light localisation, therefore, no engineering of the disorder in the photonic crystal waveguide is needed. We have tested the sensitivity of our device when a small amount (estimated to be ∼20 p on the photonic crystal waveguide area of approximately 10 3 µm 2 ) of a contaminant, isopropyl alcohol (whose refractive index is 1.38), is deposited on the surface of a photonic crystal waveguide. Based on the quality factors that we achieve, our devices are already competitive with current photonic crystal structures specifically engineered for sensing applications 7, 17 . Figure 2a shows how several disorder-induced optical cavities are shifted by the presence of the contaminant. In Fig. 2b , we show an example of a disorder-induced resonance appearing at 775.9 nm shifted by the presence of the alcohol to 788.5 nm: this corresponds to a wavelength shift of 12.6 nm, more than 30 times the linewidth of 0.4 nm of the spectral resonance. The resonance at 764.4 nm shown in the inset is 0.15 nm broad and shifts of 15.2 nm, more than 100 times its linewidth. These results prove the sensitivity of our system to small amounts of contaminants, for a relatively small refractive index change.
Our devices show shift/linewidth ratios of the optical resonances that even exceed values reported for state-of-the-art optimised sensors based on photonic crystal cavities 18 . Given the volatility of the alcohol used at ambient temperature and pressure, the shift of the spectral position of the optical resonance varies as a function of time after deposition (see Fig. 2a,   2b ). It is worth noting that the wavelength shift is characterised by a double exponential decay (see Fig. 2c ): this can be explained by the fact that the alcohol will evaporate at a faster rate from the top of the waveguide channel and at a slower rate when confined within the photonic crystal holes. As shown in Fig. 2a and 2b , given the brightness of the spectral resonances in our device, the sensing process can be monitored in real time and proves to 6 be reversible (see inset of Fig. 2b) , following the time dependence described by the equation shown in Fig. 2c . In order to model the shifts in the optical resonances that we observe, Furthermore, we observe a variation of the quality factor of the optical resonance that increases of about a factor 2 when going from 300 to 10 K (see Fig. 3b ). This can be explained by reductions in cavity losses 21 , showing that the light-matter interaction can be further enhanced at cryogenic temperatures.
In conclusion, we have demonstrated optical sensing with disorder-induced optical cavities in photonic crystal waveguides in the Anderson-localised regime. We have observed reversible spectral shifts up to 100 times the linewidth of the spectral resonances for liquid contaminants providing a refractive index change of ∼0.38. Furthermore, we have shown temperature shifts of up to ∼2 nm when varying the temperature from 300 to 10 K, accompanied by a cavity quality factor increase of a factor 2. These results show that disorder-induced light confinement in silicon nitride photonic crystals is suitable for the development of high sensitivity, scalable, room temperature optical sensors and as a platform for cavity quantum electrodynamics experiments. Such experiments take advantage of the spontaneous formation of tens of high-quality optical cavities along the fabricated photonic crystal waveguides, allowing simultaneous sensing with different optical resonances, with no need for multiple 8 iterations of the fabrication process. For the application of our devices in single particle sensing 22 , the deposition of single molecules on the sensors could be carried out by means of nanofluidics 23 . The ability of locating optical modes with nanometer-scale accuracy in our system, thanks to the photoluminescence imaging technique that we have developed (see Fig. 1c ), will allow a controlled deposition of single molecules, that could, for instance, be functionalised in order to stick to the surface in correspondence to specific optical cavities. The implementation of disorder imperfections to confine light relaxes the stringent requirements of nanoscale accuracy in the fabrication of the devices, that could also be realised using techniques less costly than electron-beam lithography like deep ultra-violet photolithography 24 and nano-imprint lithography 25 , desirable for larger scale production.
